Introduction {#Sec1}
============

Highland Africa is a secondary center of diversity for common bean (*Phaseolus vulgaris* L.) and the crop is an important contributor to food security in the region (Broughton et al. [@CR12]; Asfaw et al. [@CR3]). While the largest producers of Eastern and Central Africa are the Democratic Republic of Congo (DRC), Kenya, Tanzania and Uganda, consumption is highest around the Great Lakes, especially in the adjacent areas of Burundi, Rwanda, southwest Uganda and eastern DRC (Allen et al. [@CR1]; Wortmann et al. [@CR45]). Trade flow between regions and countries is notable with smaller towns serving as collection centers and small markets in their own right. Across all of Africa, a total of 4 million hectares are planted annually with a total production of around 2.8 million tons (Broughton et al. [@CR12]).

Within East Africa, the areas bordering the Great Lakes have particularly high per capita common bean consumption rates (above 40 kg/year). The region is intensively farmed due to the high populations with common bean as one of the major crops of each country. The region benefits from bimodal rainfall and therefore common bean can often be planted twice a year and the total production is high. For example Rwanda and Burundi, two of the countries in the region each produce between 200,000 and 250,000 tons yearly with an additional 102,000 and 65,000 hectares in neighboring DRC and Uganda (Wortmann et al. [@CR45]). Rwandese production has been stable except during the civil war of the mid 1990s when production fell to 150,000 tons (Sperling [@CR39]). It is estimated that up to 95% of Rwandan and Burundian farmers produce beans mostly for subsistence, accounting for 22--30% of cultivated land area with an average productivity of 800--1,000 kg/ha. Some imports of common beans occur coming by land from neighboring countries. Common beans are thought to provide up to 65% of protein consumed in the region and to be the second most important source of calories providing 32% of energy supply.

The major limitations to bean production in the Great Lakes region are: biotic constraints, especially fungal and viral diseases such as angular leaf spot, anthracnose, ascochyta blight, bean common mosaic virus and root rots or insect pests such as bean stem maggot; as well as abiotic stresses, such as acid soil, low soil phosphorus or nitrogen and intermittent or seasonal drought (Allen et al. [@CR1]). Low soil fertility is addressed by micro-fertilization especially for climbing beans while liming and irrigation are not common, therefore aluminum toxicity and water limitations are serious (Kelly et al. [@CR25]). During the dry season, some beans are grown in low-lying areas with high water tables in the valleys, but most of the production is on steep to gently sloped hillsides where erosion risks are high. Some artificial terracing or contour lines made up of vitiver grass help to reduce erosion; while agroforestry species especially *Eucalyptus* provide staking material for climbing beans, which are often grown in higher fertility areas or in backyards (Graf et al. [@CR21]). Chemical control of insects or diseases is uncommon, but some biocontrol methods and crop rotations have been recommended (Allen et al. [@CR1]).

Phenotypic diversity of common beans is very high in the Great Lakes region due to the fact that much of the common bean crop, especially in Rwanda and neighboring areas, is grown as varietal mixtures with consumers accepting a wide range of seed colors (Lamb and Hardman [@CR26]; Sperling [@CR39]). In addition, agro-ecologies and environments in the region range from 800 to 2,400 meters above sea level and from semi-arid savannah to humid montane forests. Varietal mixture has been postulated to be a mechanism of coping with environmental variability and with diversifying production in small plots, with early and late maturing components together providing harvestable products over a long period. This is especially important where the bean seed is moved from one agro-ecology to another (for example up and down the hillsides or from valley bottom to steep slopes) and where common bean leaves, pods, green seed and dry grain are all consumed at different times of the crop cycle.

Common bean diversity in Central Africa has been under threat due to a variety of circumstances. First among these, economic and agronomic developments have led to some emphasis on single-component varieties over multi-component mixtures. This is driven by more urban consumers demanding pure lines rather than mixtures, since they are easier to prepare due to uniformity. Secondly, the introduction of new varieties has displaced some traditional varieties. In this regard, new climbing beans brought into the region since the 1980s have been widely adopted due to their high yield potential and this has led to farm intensification. Root rots, which have increased as land pressure has led to reduced crop rotation, have also resulted in the disappearance of susceptible genotypes. In the case of Rwanda in the early 1990s, and more recently in neighboring areas of Burundi and DRC, the social upheavals of genocide, civil war and displacement have accelerated many of these changes even if the seed supply system has stayed intact in some cases (Sperling [@CR39]).

In this study, our goal was to evaluate the genetic diversity found in Central African germplasm including the "seeds of hope" collection of Rwandan landraces collected in the early 1990s by Institut des Sciences Agronomiques du Rwanda (ISAR) and International Center for Tropical Agriculture (CIAT) as well as control genotypes from other Great Lakes region countries and from the Andean and Mesoamerican or Middle American gene pools. In total, we analyzed a set of 365 genotypes with a set of 30 fluorescent microsatellite markers that have proved valuable for fingerprinting common bean gene pools and races. Characterization of this germplasm is important since landraces may have disease or insect resistance and specific adaptation or consumer traits. In this regard, we also measured nutritional quality of the accessions.

Materials and methods {#Sec2}
=====================

Plant materials {#Sec3}
---------------

A total of 365 genotypes were evaluated in this study, including 355 landraces from the "Seeds of Hope" collection maintained as part of the complete gene bank at ISAR in Rwanda, as well as six varieties from DRC, Rwanda and Uganda and four control genotypes from CIAT that represented the large-seeded types from the Andean gene pool (G19833, G4494) and the small-seeded types from the Mesoamerican or Middle American (MA) gene pool (DOR364, ICA Pijao), where these latter terms are used interchangeably given their similar use in previous literature (Blair et al.[@CR11]; Díaz and Blair [@CR16]). The Central African checks included the varieties Dore de Kirundo (medium-sized yellow seed), Namulenga (medium-sized cream-striped seed) and two versions of Ituri Matata (two varieties with medium-sized white seed) from DRC, Urugezi (medium-sized red mottled seed) from Rwanda and Kanyebwa (medium-sized pink mottled seed) from Uganda. Each of the Central African varieties were uniform in color and similarly each landrace in the collection was of a single seed type as any off types were removed. The "Seeds of Hope" collection can be considered a baseline of common bean diversity that was present in Rwanda in the 1990s and stored in the ISAR gene bank, while the check genotypes and varieties are stored at CIAT.

DNA extraction {#Sec4}
--------------

DNA extraction involved washing three seeds in distilled water, scarifying to insure uniform germination and pre-germinating in darkness on germination paper in the laboratory using 0.5 mM calcium sulfate (Ca~2~SO~4~) to avoid pathogen contamination. The first trifoliate leaves of 8-day-old seedlings were collected, frozen at −80 C and lyophilized overnight in a MODULYoD-115 lyophilizer (Thermo Corp). We then proceeded to the DNA extraction step using the method of Mahuku ([@CR28]), based on a potassium acetate precipitation. DNA was re-suspended in TE buffer and DNA quality was evaluated on 0.8% agarose gels followed by quantification with Hoescht H 33258 dye on a Hoefer DyNA fluorometer (DNA Quant™ 200). DNA was diluted to 10 ng/μl for genotyping.

Phenotypic characterization {#Sec5}
---------------------------

Data were taken on seed color and size according to CIAT scales for commercial classes (CIAT [@CR14]) where 1--9 represent colors from light to dark and S, M and L represent seed sizes. Seed pattern was also recorded according to CIAT pattern classifications. In addition, nutritional quality was assessed as described in Blair et al. ([@CR10]) where seed iron and zinc concentrations were measured by atomic absorption spectrophotometry on a ground sample of seeds of each genotype in the CIAT analytical services laboratory.

Microsatellite amplification {#Sec6}
----------------------------

Microsatellite amplification used 30 simple sequence repeat (SSR) markers from a four-color, fluorescent common bean marker kit that we developed in Blair et al. ([@CR11]). Markers were PCR amplified with 6-FAM, NED, PET or TET 5′labeled forward primers and unlabeled reverse primers on PTC-200 thermocyclers (MJ Research, Watertown, MA, USA) with standard reaction mix and cycling conditions as described for the marker kit. Dilution and evaluation of the fluorescent PCR products in multi-mixed panels were also as described in Blair et al. ([@CR11]). PCR products were run on an ABI PRISM 3730xl fragment analyzer (Applied Biosystems, Foster City, CA, USA) at the Cornell University (Biotechnology Resource Center) and allele sizes were determined by comparing with Genescan LIZ500 size standard using GeneMapper v. 3.7 software and the second-order least squares size calling method.

Data analysis {#Sec7}
-------------

Alleles were binned according to Blair et al. ([@CR11]) and then used to construct a genetic similarity matrix based on the proportion of shared alleles ($\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PS}} = \sum {\text{PS}}_{\text{i}} /n $$\end{document}$, where *i* = each locus, *n* = total number of loci and PS~i~= proportion of shared alleles at locus *i*) calculated in the SAS software (SAS Institute, Cary, NC, USA). This matrix was the basis for a principal coordinate analysis (PCoA) with the goal of determining gene pool assignments, which were represented in a 3D graph using the GRAPH/G3D module from SAS. A dendrogram was then built using UPGMA clustering and a Euclidean distance coefficient from the PCoA in the TREEPLOT subprogram of NTSYS v. 2.10 (Rohlf [@CR33]). Genotype associations were also analyzed with Darwin v. 5.0 software (Perrier et al. [@CR31]) using the simple matching coefficient and neighbor-joining algorithm for confirmation of major nodes and to determine which genotypes were introgressed between gene pools. Finally, PowerMarker v. 3.25 (Liu and Muse [@CR27]) was used to evaluate the number of alleles, Nei's genetic diversity/expected heterozygosity (Nei 87/H~e~) and observed heterozygosity (H~o~) for each marker across all genotypes and then across the genotypes within each gene pool or introgressed between gene pools.

Results {#Sec8}
=======

Allelic diversity {#Sec9}
-----------------

A total of 301 alleles were identified in the entire study giving an average of 10.0 alleles per locus for the 30 microsatellites evaluated, of which 16 were genomic SSRs and 14 were gene-based SSRs (Table [1](#Tab1){ref-type="table"}). The range in allele number was 2--40 with the marker BM187 showing the highest number of alleles followed by BM143, GATs91 and BM157 with 31, 19 and 18 alleles, respectively. All of these markers were genomic. The highest number of alleles found for a gene-based microsatellite was for BMd1 with 16 alleles, followed by PV-gaat001 with 9 alleles. All other gene-based microsatellites had fewer than six alleles. The mean number of alleles for genomic microsatellites was more than twice that of gene-based microsatellites, with significant difference shown with a*t* test (*P* = 0.0022). Nei's heterozygosity values were correlated with allele number (*r* = 0.671, *P* \< 0.01) and again genomic microsatellites had a significantly higher value than gene-based microsatellites (*t* test, *P* = 0.0067).Table 1Genetic diversity, observed heterozygosity and number of alleles in 355 Rwandan accessions of common bean, analyzed with 30 microsatellite markers, with number of alleles also shown for Andean and Mesoamerican (MA) group common bean genotypesLocusGenetic diversity, overallObserved heterozygosity, overallNo. of alleles, overallNo. of alleles, AndeanNo. of alleles, MAGenomic AG010.320.14636 BM1390.520.131187 BM1430.890.44312420 BM1560.880.31181310 BM1600.660.13161529 BM1650.850.189728 BM1720.510.13986 BM1750.780.1412710 BM1830.810.17141111 BM1870.920.41403517 BM188-a0.510.01424 BM188-b0.850.65161215 BM2010.720.18969 BM2050.660.02756 GATs540.520.00333 GATs910.910.20191210 Average0.710.2014.010.79.8Gene-based BMd010.810.61161315 BMd020.500.12222 BMd080.530.00525 BMd160.570.11656 BMd170.670.30545 BMd180.320.12535 BMd200.660.22535 BMd450.490.09442 BMd460.500.00423 BMd470.510.01433 Pv-ctt0010.720.39545 Pv-ag0030.510.00313 Pv-gaat0010.560.43977 Pv-cct0010.020.01424 Average0.530.175.53.95.0Overall average0.620.1910.27.57.6

The observed heterozygosity on average was 0.19 across all 30 markers evaluated. All the markers detected a single locus, except for one (BM188) which detected two loci (A and B) distinguished by the pattern of stutter band amplification and size range as described in Blair et al. ([@CR11]). The markers with the highest levels of observed heterozygosity were BMd01 and BM188B, which were used despite being multi-banding in previous studies since they were expected to be single copy in the fluorescent amplifications. The majority of the other microsatellites presented observed heterozygosity values below 0.2, with BM143, BM156, BM187, BMd17, BMd20, Pv-ctt001 and Pv-gaat001 being those with higher levels.

Principal coordinate analysis and landrace associations {#Sec10}
-------------------------------------------------------

The principal coordinate analysis allowed the separation of the genotypes into two gene pool groups with 130 Andean genotypes and 193 MA genotypes. The identity of each group was confirmed by the gene pool controls, which were grouped as expected: G4494 and G19833 with large-seeded genotypes representing the Andean gene pool and DOR364 and ICA Pijao with small-seeded genotypes representing the Mesoamerican or Middle American gene pool (Fig. [1](#Fig1){ref-type="fig"}a). Substantial diversity was found in the genotypes in the PCoA analysis and this was distributed both within and between gene pools. Dimension 1 represented within-gene pool diversity in both gene pools, while dimension 2 represented between-gene pool divergence. In this latter dimension, introgression between the gene pools was found for 32 genotypes that were intermediate between the two groups (Fig. [1](#Fig1){ref-type="fig"}b). Finally, dimension 3 represented within-gene pool diversity mainly in the Mesoamerican or Middle American gene pool.Fig. 1Principal coordinate analysis of Central African genotypes and their division into gene pools and subgroups. Andean group genotypes are represented by hearts, while Mesoamerican (MA) and inter-gene pool introgression group genotypes are represented by other symbols

Alternate clustering with Darwin software and neighbor-joining analysis also showed that the Andean and Mesoamerican/Middle American groups had equivalent amounts of diversity detected with the Dice coefficient (Fig. [2](#Fig2){ref-type="fig"}). Interestingly, in this analysis the MA control genotypes, both from race Mesoamerica, were closely associated, while the Andean control genotypes were on different branches of the dendogram, possibly representing differences between race Nueva Granada and race Peru individuals. This analysis also showed the introgressed or intermediate genotypes, some clustering with the Andean group genotypes and some with the MA group genotypes. Finally the varieties from DRC and Uganda were found together with the introgressed Andean (Dore de Kirundo, Kanyebwa, both Ituri Matata and Urugezi) and introgressed MA groups (Namulenga).Fig. 2Dendrogram showing the relationships between 365 Central African landraces and varieties as well as primary center controls based on neighbor-joining analysis and simple matching coefficient. Mesoamerican (*MA*) group genotypes are identified with *red* lines (*lower half of the tree*), Andean group genotypes in *green* (*upper half of the tree*) and inter-gene pool introgression groups (*intermediate*) in *blue*. Control genotypes, varieties and race identity are shown in text adjacent to appropriate, *lighter colored lines* for each gene pool

In the dendogram generated with NTSYS based on shared alleles and UPGMA analysis, we also observed the separation of Andean and MA groups and the presence of the control genotypes in their respective clusters (data not shown). Euclidean distance between the 132 genotypes clustering in the Andean group did not surpass 0.27, while for the 208 genotypes clustering in the MA group values went up to 0.40. Introgressed genotypes were less evident as the separation between gene pool groups was at Euclidean distance of 0.85 and all genotypes were assigned to one or the other of the two major clusters. Ten of the genotypes that were intermediate between the gene pools in the PCA or in the neighbor-joining tree described above, and that had mixed seed characteristics, grouped with the Andeans in the UPGMA dendogram, while 22 grouped with the Mesoamerican or Middle American accessions.

Seed color and pattern traits {#Sec11}
-----------------------------

Seed color was highly variable in the collection of 355 Rwandan landraces with most landraces being of a single commercial type, but with some within-landrace variability observed. Between-landrace variability was extreme on the other hand, with all seed size and color classes and combinations represented. Red and brown seed colors were the most common especially compared to white, pink, purple or gray, and many landraces had mottled seed rather than other seed coat patterns such as striped, stippled or pinto (Table [2](#Tab2){ref-type="table"}). Cream, yellow and black-seeded landraces were also common as were some pinto types and seed with uniform background, but evident venation. A larger number of Rwandan landraces had seed sizes that were small (\<25 g/100 seed) or medium (25 to 40 g/100 seed) compared to large-seeded (\>40 g/100 seed) landraces, which only represented 8% of the total. The proportion of medium and small-seeded types was even with 165 and 164 genotypes, respectively, falling into these categories. Only 26 genotypes were large seeded.Table 2Frequency distribution of seed characteristics found in the Andean and Mesoamerican (MA) gene pool groups and inter-gene pool introgressed genotypes of common beanCharacteristicAndeanInter-gene pool introgressedMesoamerican (MA)TotalSeed size Large260026 Medium1001748165 Small415145164Seed color 1 (white)0336 2 (cream)3131852 3 (yellow)2293061 4 (brown)1747394 5 (pink)1135 6 (red)5462787 7 (purple)2002 8 (black)253542 9 (other-gray)1146Seed coat pattern NA (no pattern)4821134203 J (stippled)632332 M (mottled)3441647 P (pinto)43721 R (striped)380139 V (venation)011213Total13032193355

Phenotypic diversity in each gene pool {#Sec12}
--------------------------------------

Contingency tests were used to evaluate if the frequency of landraces from each category of seed size or color was associated with gene pool identity or independent of this classification. Purple color was found to be exclusively Andean, while there were no white beans from this gene pool. Pink, brown and black colors were found to be predominantly in the MA group, while cream, yellow and red colors were found in both gene pool groups. In terms of seed pattern, mottled, stippled and pinto seed was found in Rwandan landraces of both gene pools, but, surprisingly, striped seed was more common in the Andean group, although in both gene pool groups most genotypes had non-patterned seed coats. Venation of the seed coat was found for some MA group genotypes, but not in Andean group genotypes. As expected, seed size was correlated with gene pool identity; Andean group landraces were predominantly medium or large seeded and all MA group landraces were either small or medium seeded. In other words, none of the MA group genotypes had large seeds.

The two gene pool groups also differed in terms of nutritional quality traits, with Andean beans having a tendency for higher average seed iron concentration, but significantly lower seed zinc concentration than MA and introgressed-type beans (Table [3](#Tab3){ref-type="table"}). This was also reflected in the difference between the minimum and maximum values for seed mineral concentration, which varied according to gene pools, especially in the case of seed zinc concentration. Meanwhile, the genotypes from the inter-gene pool introgression group showed the highest average seed iron concentration and similar seed zinc concentration as in MA group beans.Table 3Average (±SD) and range of seed iron and zinc concentration found in the Andean and Mesoamerican (MA) gene pool groups and inter-gene pool introgressed genotypesGene poolFe (ppm)Zn (ppm)MeanSDMinMaxMeanSDMinMaxOverall68.28.445.397.634.73.425.149.1Andean69.2^A^8.445.889.533.0^A^3.125.144.9Mesoamerican (MA)67.4^A^8.445.497.535.4^B^3.229.249.1Inter-gene pool introgressed71.0^A^7.659.084.435.1^B^3.527.939.6Ryan-Einot-Gabriel-Welsch multiple range tests with significance at *P* \< 0.05 probability threshold for average seed iron and zinc concentrations in the Andean, Mesoamerican and introgressed groups indicated by superscript letters after the mean values

Discussion {#Sec13}
==========

Genetic diversity in Central African genotypes {#Sec14}
----------------------------------------------

All of the fluorescent markers used to evaluate the Central African varieties were found to be polymorphic and in general the markers detected a large number of alleles compared to previous studies of germplasm from other regions. This can be explained by the large number of landraces evaluated and genetic diversity of the germplasm (a topic to which we will return) or by the high sensitivity of the detection system and the specific markers selected for evaluation. Some of the same markers found to be very polymorphic in the present study, such as BM143, BM187 and GATS91, were also found to be the most variable in previous studies (Blair et al. [@CR8], [@CR9], [@CR11]; Díaz and Blair [@CR16]; Gaitán et al. [@CR19]) and our study used a pre-selected set of 30 markers for panel design from the most polymorphic markers of this previous research.

Compared to other regions, the allelic diversity found in the Central African germplasm was high with an average of ten alleles per locus, but not as high as that found across the entire range of common beans throughout the world. For example, Blair et al. ([@CR11]) found an average of 18.4 alleles per locus in an evaluation of 604 diverse genotypes with 36 gene-based and genomic microsatellites for a worldwide core collection of common beans, while Blair et al. ([@CR8]) found an average of only 7.8 alleles per locus in a mini-core collection of 44 diverse parental genotypes. Gomez et al. ([@CR20]), evaluating small-seeded beans from Nicaragua found an average of 5.7 alleles across seven genomic markers and 108 individuals from nine collection sites. As in previous evaluations of diversity, we found it useful to combine genomic microsatellites with gene-based microsatellites, since these latter markers have proven their utility for stable analysis of phylogenetic relationships, especially for gene pool identity (Blair et al. [@CR7], [@CR8], [@CR11]).

Overall genetic diversity (0.62) was found to be especially high in the Central African landraces compared to previous studies of other germplasm sets with less polymorphic nuclear markers such as isoyzmes, RFLPs or RAPDs. For example, Becerra-Velazquez and Gepts ([@CR4]), analyzing both gene pools, found genetic diversity of 0.38 with RFLP markers, while Paredes-Lopez and Gepts ([@CR30]) found a genetic diversity of only 0.16 with isozyme markers and Beebe et al. ([@CR6]) found even lower values with AFLP markers in Andean beans. RAPD markers have generally given intermediate values of diversity (Skroch et al. [@CR37]; Beebe et al. [@CR5]). Meanwhile, in one study with chloroplast markers, genetic diversity was 0.37 (Chacón et al. [@CR13]).

In comparison, microsatellite markers have generally detected the highest levels of genetic diversity of any nuclear marker type for cultivated common beans reaching as high as 0.64 depending on the germplasm analyzed, the detection system used and whether they were landraces or breeding lines from a specific region or from a wider geographical area (Blair et al. [@CR8]; Hanai et al. [@CR22]; Zhang et al. [@CR46]). For example when evaluating the landraces from Nicaragua, the highest number of alleles detected was 13 (Gomez et al. [@CR20]), while when a broader set of landraces from the Mesoamerican or Andean gene pools representing various countries was evaluated then up to 15 and 23 alleles were found for a single locus (Díaz and Blair [@CR16]; Blair et al. [@CR9]). When both gene pools were analyzed together with some of the same markers, up to 50 alleles were found (Blair et al. [@CR11]). The high diversity found in the Central African landraces is promising for the use of this germplasm in common bean improvement for the region. The high genetic diversity in the Great Lakes region of Central Africa may reflect the selection for favorable adaptation to the range of agro-ecologies found there, to the large number of diseases, insects and abiotic constraints that afflict the crop in this intensively farmed region or to the variability in consumer preferences for various grain types.

High observed heterozygosity in some Rwandan genotypes {#Sec15}
------------------------------------------------------

Another aspect that was notable about the collection that was analyzed was their high observed heterozygosity (average 0.19) that reflected the conditions under which they were multiplied and their origin as landraces that were often maintained within seed mixtures by Rwandan farmers (Sperling [@CR39]). By comparison, accessions from the CIAT gene bank analyzed by Blair et al. ([@CR9], [@CR11]) or Díaz and Blair ([@CR16]) had lower levels of observed heterozygosity. The high heterozygosity observed may be also a reflection of the high genetic diversity of the landraces and crossing between landraces, though we selected seeds with similar phenotypic appearance for DNA extraction.

Among the elements that maintain diversity in Central Africa, seed mixing appears to be very important. Seed mixtures are used for various agronomic and cultural reasons (David and Sperling [@CR15]). For example, seed mixtures are often preferred for home cooking or for local markets. Meanwhile, unique seed colors are only selected for sale to urban populations or export to a niche market. Therefore, as a general rule, production is not limited to a single seed type. Rather, a wide range of seed colors and sizes are grown, especially for home consumption. Regular seed sale and exchange between farmers or between regions allows mixtures to maintain their diversity, especially when new seed types are added to a given farmer's seed stock. Furthermore, recombination between varietal components is likely, depending on the season and nick between genotypes. Seed selection from season to season is based mainly on seed quality and blemishes, but not on seed color or size. In summary, the lack of selection based on seed type maintains the diversity generated by mixing or inter-crossing.

Varietal mixtures have advantages in stabilizing the production system since different components have different phenologies in terms of architecture, rooting depth, flowering date and maturity period, which allow at least some plants within the mixture to thrive under different conditions of drought, poor soils or excess moisture (Sperling [@CR38]). This is important under low fertility conditions with fertilizer application only 1.3% of the recommended amounts. Furthermore, production is more evenly distributed in time and space when determinate and indeterminate bean plants are grown together. In addition, varietal mixtures may play a role in suppressing weeds since indeterminate types can compete with other plants helping the determinate plants to grow. Alternatively, the variability in genotypes within a varietal mix prevents disease pathogens or insect pests from getting established. Finally, varietal mixtures can help in marketability among consumers who may prefer to buy mixtures or by providing a seed type for every consumer (Sperling and Loevinsohn [@CR40]).

Gene pools, seed colors and nutritional quality associations {#Sec16}
------------------------------------------------------------

In terms of population structure, the Central African landraces were divided into Andean and Mesoamerican gene pool groups according to the principal coordinate analysis, but many accessions presented evidence of introgression between the gene pools. Molecular separation of common bean accession into gene pools has been observed in a large number of studies, both with genotypes from the primary centers of origin in the Americas (Singh et al. [@CR36]; Becerra-Velazquez and Gepts [@CR4]; Blair et al. [@CR8]) and in secondary centers of diversity in Europe (Rodiño et al. [@CR32]; Sicard et al. [@CR34]), Asia (Zhang et al. [@CR46]) and parts of Africa (Kairaillah et al. [@CR24]). Seed morphology of the Andean and Mesoamerican group genotypes agreed with the characteristics reported for each gene pool by Singh et al. ([@CR35]) with large or medium seeds for Andean group genotypes and mostly small seeds for Mesoamerican group genotypes.

Previous studies of southern and East African bean germplasm has found that most genotypes tend to be from the Andean gene pool (Martin and Adams [@CR29]; Wortmann et al. [@CR45]) and this was the case for varieties from DRC and Uganda. However, it was surprising that among the Rwandan landraces, more genotypes were from the Mesoamerican gene pool (58.3%) than from the Andean gene pool (37%) with the rest being the result of introgression. The predominance of Mesoamerican types in Rwanda may be a result of a recent increase in root rots to which Andean beans, especially determinate types, are less resistant. Another possibility is that land pressure and the need for higher productivity have led to greater use of Mesoamerican germplasm, since Mesoamerican genotypes are often higher yielding per plant than Andean genotypes. Alternatively, the input of germplasm from breeding programs established in the 1970s through the national programs at ISAR and INERA as well as the long-standing relationship with the CIAT bean program may have influenced the increase in Mesoamerican types (Voss [@CR44]). This certainly was the case with climbing bean introductions, which were of Mesoamerican origin and may have displaced some local varieties (Graf et al. [@CR21]; Sperling and Muyaneza [@CR41]).

In practical terms, Mesoamerican beans may be preferred in some settings because a given weight of Mesoamerican seed plants has a larger area than the same amount of a larger seeded Andean genotype. This is important to farmers who often save a limited amount of seed between seasons. Furthermore, farmers would be interested in selling as much of their production as possible and therefore would not want to save the larger seeded types of which a greater weight would be needed to plant in the same area as a smaller weight of small-seeded types. Finally, introgressed genotypes may have been selected because they often have higher disease resistance and yield potential than pure Andean beans. They also have the medium seed size and quality characteristics of Andean beans, but are often smaller seeded than pure Andean beans resulting in saving of planting time.

Τhe frequency of seed color differences agreed with previous gene pool descriptions (Singh et al. [@CR35]), but showed high diversity in both the Andean and Mesoamerican group genotypes from Central Africa. For example, black seed was found at a low frequency in the Andean group, while brown seed was also fairly common in this group, which is not typical of Andean landraces in other regions. It was also surprising to find a large number of yellow beans in the Mesoamerican group, since this color was not highly prevalent in this gene pool. Likewise, yellow or mottled beans with a yellow background were found in the inter-gene pool introgressed group. Wortmann et al. ([@CR45]) have highlighted previously the prevalence of small red, large red and red mottled seed types in eastern and southern Africa, which were also common in the germplasm analyzed here.

It seems therefore that seed color genes have been extensively selected in both gene pool groups in Central Africa with definite preferences by producers and consumers. In addition, seed colors have perhaps been moved between gene pool groups and commercial classes through hybridization and inter-gene pool introgression. Farmer experience with varietal selection and the importance of bean color and cooking characteristics have been documented in participatory plant breeding programs (Voss [@CR44]; Sperling et al. [@CR42]; Trutmann et al. [@CR43]) and in the overall distribution of beans in eastern and southern Africa (Wortmann et al. [@CR45]). The most popular and representative seed types in Central Africa appear to be red, red mottled, brown, yellow or cream beans, with white and black beans also found but not highly consumed. White and yellow beans command higher prices in urban areas where they are preferred for restaurants, but are more difficult to manage agronomically due to root rot susceptibility.

Nutritionally, the landraces were also found to vary and although this trait might not have been consciously selected, it was notable that Andean beans had higher seed iron concentration but lower seed zinc concentration compared to Mesoamerican beans. The differences between Andean and Mesoamerican or Middle American beans for seed iron and zinc concentrations have been noted before (Islam et al. [@CR23]) and may have to do with loading and distribution of the minerals in the seed (Ariza-Nieto et al. [@CR2]).

Introgression between the gene pools {#Sec17}
------------------------------------

As mentioned earlier, some genotypes showed inter-gene pool introgression both in their position in the principal coordinate analysis and in their seed characteristics: grouping with one gene pool but having characteristics of the other gene pool. Extensive evidence for introgression between the gene pools has been found by various authors for beans from different secondary centers of diversity (Durán et al. [@CR18]; Rodiño et al. [@CR32]; Zhang et al. [@CR46]) and also in two studies of the CIAT core collection (Islam et al. [@CR23]; Blair et al. [@CR11]). Preservation of the products of inter-gene pool introgression is more likely among farmers who produce for home consumption and save the seed of all the segregants resulting from any natural hybridization for planting in subsequent generation. Highly commercial farmers who rouge out off types in the field or remove seed mixture components from their harvests are less likely to preserve these segregants, but subsistence farmers would be likely to save them. Subsistence farmers are also more likely to keep seed mixtures intact and to practice less strict rouging or selection in their landraces, which in turn maintains the high level of diversity and encourages additional rounds of hybridization between divergent genotypes and gene flow between the gene pools.

Inter-gene pool introgression may produce interesting combinations of traits, such as higher adaptability to environmental stresses, diseases or insects, and have surprising benefits such as higher nutritional quality. Indeed, one notable result of this study was to confirm that genotypes showing introgression tend to have higher seed iron concentration as found previously in germplasm evaluations (Islam et al. [@CR23]) and in inter-gene pool crosses where transgressive segregants can have higher seed mineral concentrations than either parent (Blair et al. [@CR10]).

In summary, this study identified a high level of genetic diversity in landraces and varieties from Central Africa. As such, germplasm from this region is an integral part of the secondary diversity of common beans found in eastern and southern Africa as a whole. This diversity is especially valuable considering the high level of bean production in the region, which, compared to other regions of the world, is among the most concentrated and vitally important to its inhabitants. For example, in Rwanda and Burundi, the population densities are among Africa's highest, reaching 350 people per km^2^, and common beans are the major source of protein for this population. In conclusion, common bean is an agriculturally complex crop in Central Africa, and the bean germplasm in the region appears to be a valuable source of diversity for breeding programs that should be preserved and prioritized for crop improvement.
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